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Abstract

In this article we investigate the numerical approximation of the Darcy equations in an ax-
isymmetric domain, subject to axisymmetric data. Rewriting the problem in cylindrical coordi-
nates reduces the 3-D problem to a problem in 2-D. This reduction to 2-D requires the numerical
analysis to be studied in suitably weighted Hilbert spaces. In this setting the Raviart-Thomas
(RT) and Brezzi-Douglas-Marini (BDM) approximation pairs are shown to be LBB stable, and
corresponding a priori error estimates derived. Presented numerical experiments confirm the
predicted rates of convergence for the RT and BDM approximations.
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1 Introduction

In this article we discuss the numerical approximation of Darcy flow in an axisymmetric domain with
axisymmetric data. Our interest in this problem arose from considering the approximation of coupled
Stokes-Darcy flow in an axisymmetric domain. Many geometries in nature and from manufacturing
are either axisymmetric by evolution or by design. Assuming that the quantities of interest are
also axisymmetric, recasting the problem in cylindrical coordinates reduces the problem from a 3-D
computational problem to a 2-D computational problem. This reduction significantly reduces the
computational effort need to approximate the solution. In addition, axisymmetric computational
models are useful in validating more complex 3-D computational models. The starting point for
the numerical analysis of coupled Stokes-Darcy flow in an axisymmetric domain is to individually
consider Stokes flow and Darcy flow in the axisymmetric setting.

The numerical analysis of the axisymmetric Stokes flow problem has been studied by several re-
searchers. In [22] Ruas showed that for axisymmetric Stokes flow the LBB condition for the stability
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of the approximations was satisfied for: (i) the partition of the domain into quadrilaterals and the
Q2 — P velocity-pressure element pair, and (ii) the partition of the domain into triangles (subject
to all the triangle having either an edge along, or an edge parallel to, the symmetry axis) and the
mini-element velocity-pressure element pair. Belhachmi et al. in [3] showed that the LBB condition
was satisfied for the Taylor-Hood PlisoP2 — P1 velocity-pressure element pair. A corollary of the
LBB condition being satisfied by PlisoP2 — P1 elements is that it is also satisfied by the commonly
used (for flows in Cartesian coordinates) Taylor-Hood P2 — P1 velocity-pressure element pair. One
common approach to establishing the stability of the velocity-pressure approximation spaces for
Stokes flow is to use the Stenberg criteria [23, 25]. This involves showing that the dimension of the
null space of a local matrix, generated from a macroelement, is one. In [13] we showed that the
Stenberg criteria extended to the axisymmetric setting and gave an easy proof of the stability of the
Taylor-Hood P2 — P1 velocity-pressure element pair, and for the Crouzeix-Raviart approximation
pair. Recently Lee and Li, in [17], showed the stability of the family of Taylor-Hood approximation
pairs for this problem. Unlike the previous work where the analysis was done in the axisymmetric
domain, Lee and Li performed their analysis in a 3-D setting. A more general problem, that of
approximating the Stokes equations in an axisymmetric domain, was studied by Belhachmi et al.
in [4].

We are not aware of any papers which present the analysis of the mixed formulation of axisymmetric
Darcy flow. (In [18], building upon the work in [5, 3] Li studied the approximation of the Poisson
problem in an axisymmteric domain, in particular, the use of appropriately graded meshed for
singular solutions. The Darcy flow equations also arise as a mixed method formulation to the
Poisson problem.) Commonly used elements for the velocity and pressure approximation of Darcy
equations in the Cartesian coordinate setting are the Raviart-Thomas pairs (RT) — discPy) and the
Brezzi-Douglas-Marini pairs (BD My — discPy) [9] . With these choices the velocity and pressure
approximation spaces, X, and Qy, satisfy div(Xy) = Qp. With this property the L? coercivity
of a(u,v) = [qru-vdxon Z, = {ve X, : [(qV-v =0, Vg € Qy} establishes the desired
H g, coercivity on Zj,. The property div(X,) = Qp, also results in the very attractive property that
the computed approximation for the velocity is pointwise div-free, i.e. the approximation conserves
mass pointwise.

In the axisymmetric setting for RT" and BDM elements the property dive,;(Xp) = @Qn does not hold.
In fact the operator div,,; does not map a (vector) polynomial velocity space into a (scalar) poly-
nomial space.

In the Cartesian setting the RT elements have the property that for p the associated interpolation
operator and II the L? projection operator, one has that

|divv — divp(v)|| = [|(I — II) divv|. (1.1)

This property is often illustrated pictorially and referred to as the commuting property diagram [9].
It is this property that permits the divergence of a function to be computed to the same order of
accuracy as the function itself when using a RT approximation. In the axisymmetric setting the
direct analog of (1.1) does not hold.

Additionally, because of the different operators and norms involved, the stability of RT and BDM
approximation (i.e. that RT and BDM elements satisfy the LBB condition) in the Cartesian setting
does not guarantee stability of the approximations in the axisymmetric setting.

The typical approach to obtaining the a priori error estimate is to map each element, T, in the par-



tition 7}, of the domain to a reference element, f, apply approximation properties on the reference
element, and then map back to the element. In the axisymmetric setting, because of the weighted
norms, the approximation constants arising from applying the approximation properties on T de-
pend on T'. Two different approaches were used by Belhachmi et al. in [3], and Lee and Li in [17],
to establish the accuracy of the discrete approximation in the axisymmetric Stokes problem. In [3]
the authors established their results by generalizing results for the Clément approximation operator
to weighted norms. In [17] the error analysis was done by using interpolating results in the 3-D
setting. As we are using different approximation spaces for the velocity (discontinuous) and different
norms the results of [3, 17] are not directly application to the RT and BDM approximations of the
axisymmetric Darcy flow problem.

The paper is organized as follows. In the following section we present the axisymmetric Darcy flow
problem, introduce the appropriate function space setting, give the corresponding weak formula-
tion, and describe the setting for the finite element approximation. Section 3 contains the analysis
of the finite element approximation of the axisymmetric Darcy flow problem, using RT} — discP
and BDMj, — discPy, approximating elements. At the beginning of this section we presents the
definition of RT} and BDMj, for the axisymmetric setting and establishes a commuting diagram
property. Also, we show that approximation constants which arises from applying the approximation
properties on T are uniformly bounded. Two approaches are used to establish computability of the
finite element approximation. In Subsection 3.1, borrowing an idea from the approximation of the
Navier-Stokes equations, we apply grad-div stabilization to the Darcy equation in order to guarantee
coercivity of the appropriate bilinear form. Stability of the RT}y, —discP, and BD My 1 — discPy ap-
proximations are then established by extending the Stenberg criteria to the current setting. A priori
error estimates for the approximation are also presented. In Subsection 3.2 we use mesh dependent
norms for the velocity and pressure spaces in order to establish the computability of the approxi-
mation without applying grad-div stabilization. Again, stability of the approximation is established
by extending the Stenberg criteria, and a priori error estimates presented. Numerical experiments
are given in Section 4, and the computation results for the approximation errors compared to those
predicted theoretically.

2 Axisymmetric Darcy Equations

In this section we give the mathematical framework for modeling axisymmetric Darcy flow and
discuss the existence and uniqueness of the solution.

2.1 Problem Description

Let Q ¢ IR? denote a domain formed as a volume of revolution about the z-axis. With respect to
cylinderical coordinates, (r, 6, z), let Q denote the half section of 2, Q := QN{(r, 0, 2) : r > 0, z € R}.
For the description of the boundary let I' := o0NnN 09, and I'y the intersection of Q) and the z-axis,

o := Qn{(0,0,z2) : zeR}. Note that 2 = T'UT,. In addition, assume that 2 is a simply
connected domain with a polygonal boundary. (See Figure 2.1.)



Figure 2.1: Ilustration of axisymmetric flow domain.

Consider Darcy equations (in Cartesian coordinates) in €:

pK a4+ vp f inQ, (2.1)
Vi = 5§ inQ, 2.2)
u-n = § ond,
Uy
where u = Uy = uze; + uye, + u.e;, for e;, e,, e, denoting unit vectors in the z, y and
Uy

z directions, respectively. In (2.1)-(2.3) @ denotes the fluid’s velocity, # the pressure, f an external
forcing function, § a fluid sink/source term, ¢ the fluid outflow along the boundary, p the fluid
viscosity, and K the permeability (symmetric, positive definite) tensor of the domain. Additionally,
associated with (2.1)-(2.3) is the compatiablity condition [y $§dV = [, o0 9 dS. We assume that the

data f, §, § are axisymmetric, giving rise to an axisymmetric solution (a, p) [5].

For simplicity, assume that § =0, g = 0, K = kI, where k > 0 is a constant, and v := p/k. (The
assumption 5 = 0, g = 0 i.e. equivalent to introducing a change of variable u = 1y + 1,, where
1, = Vw and w satisfies V- Vw = §in ), ow/0n = g on 05).)

o6 = 0 and integrating over Q, and

Multiplying (2.1) through by a suitable smooth function v, v-n
multiplying (2.2) through by a suitable smooth function ¢ and integrating over Q) we obtain

[Vﬁ.VdV—[ﬁv-vdv = /f-wv (2.4)

Q Q Q
/dV-ﬁdx = 0. (2.5)
9)
Uy
Expressing 0 in cylinderical coordinates, 4 = | ug = u,e, + upey + u,e,, and as the flow is
Uy

axisymmetric, i.e. u(r,0,z) = u(r, z), f‘(r, 0,2) =1f(r,z), p(r,0,z) = p(r,z), ur(0,z) =0, ug(0, z) =



0, equations (2.4)(2.5) transform into

/Vu-vrdx — /pva-vrdx — /pvrdx = /f-vrdx, (2.6)
Q Q Q Q

/uuevgrdx = /fgngdX, (2.7)
Q Q
/qva-urdx + /qurdx = 0, (2.8)
Q Q
] | v | fr | 9/or o
where u= [uz],v— [Uz]’f_ |:fz:|’ Vo = [8/373]’ and dx := drdz.

Note that the angular flow equation for ug is decoupled from the flow equations for u, and w,. For
simplicity assume ug = 0.

2.2 Function Spaces and Weak Formulation

Let © denote a domain in IR?. For any real o and 1 < p < oo, the space oLP(0) is defined as the
set of measurable functions w such that

1/p
T ( /@ \w|pr“dx) < 00, (2.9)

where r = r(x) is the radial coordinate of x, i.e. the distance of a point x in © from the symmetry
axis. The subspace 1L3(0) of 1L?(©) denotes the functions ¢ with weighted integral equal to zero:

/qrdx:()
©

Define the weighted Sobolev space ;W'P(0) as the space of functions in ;LP(0) such that their
partial derivatives of order less that or equal to [ belong to 1LP(0). Associated with ;WP (@) is
the semi-norm | - | y1.r() and norm || - [| yy1p(g) defined by

1/p

1/p 1
Wl wire) = (Z F oL w]?, )) o lwllwere) = (Z wawk,p(@)>
k=0
When p = 2, we denote ;W"2(0) as 1H'(0).
For v = [ or ],let
Vz
divgzi(v) == Vga-v+ &, and | H%ai(Q) = {v € (1L2(@))2 : divggi (V) € 1L2(@)} . (2.10)
T

In order to incorporate the boundary condition u-n = 0 on I', and because of axisymmetry, let

1H(C)li’uam(9) — {V c lHdan:ci(Q) cv-n =0 on 8Q} . (211)
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Let X = {H{"™=i(Q) and for v = [v,, v,]T,

, /
Viixier = (IorPeaey + 021250y + Idivan(¥)Z20)) -
and Q := 1L3(Q) with || - |lo = |- I, 2()- When © = Q, ||v]|x = [|v]x@). With X we associate
the innerproduct
(v, w)x = /(v-w + diveyi(V)diveg:(w)) rdx. (2.12)
Q

Using as the pivot space (1L2(Q))2 with innerproduct (f, g) := [, f-grdx, let X* denote the dual
space of X, i.e. X* is the completion of (1L2(Q))2 with respect to the norm

£,
€l = sup 8L
U0 elx

For © a domain in IR", n = 2, 3, we use the standard definitions for L%(0©), LZ(©), H*(©), and
HE(©) (see [1]).

The weak axisymmetric formulation for the Darcy equations can be stated as: Given f € X*,
determine (u, p) € (X x Q) satisfying

a(u, v) —be(p,v) = (f,v)x-x VvelX, (2.13)
bo(g,u) = 0, Vge@Q, (2.14)
where
a(u, v) = /uu-vrdx, (2.15)
Q
ba(q, v) = /an~V7‘dx + /qudx, (2.16)
Q Q

and (-,-)x= x denotes the duality pairing between X and X*.

2.3 Existence and Uniqueness of (u, p) satisfying (2.13)(2.14)

The existence and uniqueness of the solution to (2.13)(2.14) follows from that for Darcy equations
in IR? (in Cartesian coordinates), and the uniqueness of the transformation of the axisymmetric
problem in IR? to (2.13)(2.14). (See [5, 3] for an analogous discussion for the axisymmetric Stokes
problem.) In particular we note that there exists 5 > 0 such that

inf sup ba(4, V)

balg, V) (2.17)
€Qvex llallg Iviix

3 Finite Element Approximation

We assume that 2 is a convex polygonal domain and (73);, denotes a family of uniformly regular
triangulations of €) satisfying:



(i) The domain € is the union of the triangles of Tp,.
(ii) T NTj is a side, a node, or empty for all triangles Ty, T}, k # j, in Tp,.
(iii) There exists a constant o, independent of h, such that for all T' € T}, its diameter hr is smaller

that h and T contains a circle of radius o hy.

Additionally we assume that each triangle T' in 7, has at least one vertex inside € (i.e. not on
I'n FO)

For X, C X, Qp C Q, an approximation to (2.13)(2.14) may be stated as: Given f € X*, determine
(up, pn) € (X X Qn) satisfying

a(up, v) —balpn, v) = (£,v)x«x VveE X, (3.1)
ba(g,up) = 0, VYgeQy. (3.2)

As with the continuous formulation, the solvability of (3.1)(3.2) for (up, pp) is contingent on the

discrete approximation spaces satisfying, for some 8 > 0, the discrete LBB condition

. ba(g; v)
inf sup ——————
9€Qn vex, llallg [Iviix

> . (3.3)

Two commonly used approximation pairs for Darcy flow in the Cartesian formulation are Raviart-
Thomas RTj,—discP;, and Brezzi-Douglas-Marini BD My —discPy_1. Next we show that with minor
modification these approximation pairs are also LBB stable for the axisymmetric formulation.

For © C Q, denote by P,(0), P,(0), k € NU{0}, the set of polynomials of degree < k, and the set
of homogeneous polynomials of degree k on O, respectively. Additionally, let £(0) denote the set
of edges in the triangulation 73 in ©, and

Ri(0T) = {¢ € L*(OT) : ¢|. € Py(e) , e € E(T)}.
For Q c IR?, T € Tj,, the Raviart-Thomas space, RT}(T), is defined by
RIUT) = (RO + | 1| B, (3.4
where, for q € RTy(T), n the unit outer normal on 9T, the degrees of freedom are given by

/ q-npds, p€ R(0T), and /q'pdx, p e (Pe1(T))?. (3.5)
&(T) T

For the axisymmetric formulation we redefine £(0©) as the set of edges in 7}, lying in © which do not
lie along the symmetry axis I'g, £(73) = UreT,£(T), and define

RT™(T) := {q € RTi(T) : q-nlr, = 0} = {[ v ] € RT(T) : arlry = 0} ) (3.6)

z



where the degrees of freedom are given by

/ q-nprds, pe€ Ri(0T), and /q'prdx, p e (P (T))?. (3.7)
&(T) T

The unique solvability of q € RT*(T) in terms of the degrees of freedom (3.7) follows as in the
Cartesian case [9, 15].

The Brezzi-Douglas-Marini space, BDM;(T), is defined by BDM,(T) = (Py(T))*. For the ax-

isymmetric setting, we define

BDM{* (T) := {q € BDMy(T) : q-n|r, = 0} = {[ @ } € BDMy(T) : qlr, = o} . (38)

z

The associated degrees of freedom are given by

/ q-nprds, pé€ Ry(07T), /q-VapTd& p€ P a(T), (3.9)
&(T) T

and / q-curl(brp)rdx, pe€ P,_o(T), (3.10)
T

where br denotes the cubic bubble function on T.

The unique solvability of g € BDM{*(T) in terms of the degrees of freedom (3.9)(3.10) follows as
in the Cartesian case [9].

The local interpolation operators are defined in an analogous manner. Specifically, for RT*(T)
the local interpolation operator pr is defined as follows. For s > 2, let

pr : 1H®ei(T) N L5(T) — RTI™(T), (3.11)
be defined by
/ (@ — prq) -nprds = 0, pe€ R,(9T), (3.12)
&(T)
/(q — prq)-prdx = 0, pé€ (Pk,l(T))2 ) (3.13)
T

Note that, from the uniqueness of the interpolant, if q € RT,?”(T) then prq = q.

Let RT(Ty,) = Urer, RT™(T), and define the global interpolation operator pj, : 1H'(Q) —
RT(Ty,) as
pr(@)|r == pr(alr), VI €Ty. (3.14)

Similar to the Cartesian case we have a commuting diagram property. Note that div,,; does not
map a (vector) polynomial space to a (scalar) polynomial space.

Let 7 : 1L?(T) — Py(T) denote the projection operator defined by

/T(w — m(w))prdx = 0, Vpe P(T). (3.15)



Lemma 1 With pr and 7, defined above, for q €  H%ei(T) N1 L*(T),

wkdivampT(q) = ﬂkdivamq. (316)

Note that (3.16) is equivalent to the commuting diagram property illustrated in Figure 3.1.

divgy

H"(T) 0 L(T) ~ L(T)

P Ty

divgyg

RT™(T) div, RT™(T) — % » P (T)

Figure 3.1: Commuting diagram property.

Proof Let p € Py(T"). Then,
/ P Tpdiveiqrdx  — / P Tpdivezipr(q) rdx = / P diveg; (q — pr(q)) rdx
T T T
= /TpVa-T (@ — pr(q)) dx

= /8T (a — pr(q)) -nprds — /T(q = pr(Q)) - Vap 7dx
= 0, using properties (3.12),(3.13).

For BDM®*(T), s > 2, the local interpolation operator pr : 1 H%%ei (TN, L*(T) — BDM(T),
is defined by

/g(T) (@ — pra) -nprds, p€ Ry(9T), /T(q — prq) - Vaprdx, p€ Pe1(T), (3.17)
and /T(q — pq) -curl(brp)rdx, p€ Py_o(T)(3.18)
and the global interpolation operator gy, : 1 H'(Q) — BDM(T},) defined as
pr(@)|r == pr(alr), VT €Ty. (3.19)
Analogous to Lemma 1 we having a commuting diagram property.

Lemma 2 With pr and w1 defined above, for q € 1 H%ezi(T) N L3(T),

Wk—ldivaziﬁT(q) = Mp—1d1Vaziq - (320)



Before presenting the estimate for the local interpolation error we recall the Piola transformation
and several properties.

For T' € Ty, (see Figure 3.2) let

Pr(§) = [FTT(E) ] = Jré + [2 ] . Jp = [ (ro=m) (s =m1) | o d ) = |det ]

Fr,(§) (22 —21) (23— 21)
(3.21)
A
P z (ry, z) S3
|~ T
©,1
AN
a, 4
0,0
S b
.
Figure 3.2: Mapping of triangle T' to the reference triangle T.
For a scalar function g : T'— IR, let § = g o Fp. In particular, 7 = r o Fp.
The Piola transformation P : L2(f) — T is defined by
. . 1 ~n
qr— q(x) = P(@)(z) = mhq(m)- (3.22)

Because of the r terms which appears in the integrals in the (r, z) space we introduce the following
norm definition in order to relate norms over T to norms over T. (Compare with (2.9).) For
w=wo Fp,

1/p
Wl oz = ( /Trwwads) . (3.23)

Norms ||| - [[||, w+.r(ry and associated semi-norms, ||| - |[|, (1), are similarly defined. For a square
matrix B, ||B]| denotes the 2-norm of B.

Lemma 3 (See [11, 9]) For v € {H™(T), % :==vo Fr, q € {H™(T), q := P~1(q), we have that
there exists C > 0 (depending on m) such that

ol gy < C LI T2 1™ WS, oy (3.24)
ol gmery < ClIr| 72 I )™ ol zrm(ry » (3.25)
lall, zmery < Tl ™2 T ™ 1Tzl G, 2y (3.26)
el zmery < 1M 12 1™ 177 el (3.27)
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Proof As in the Cartesian case, we have that

1

Ved = 170

JrVaqJy;t, and V,-q = —Vi-q.
The above properties can be verified by direct computation.
|

To establish the interpolation error estimate we use the fact that the interpolation operator acts
as the identity operator on polymonial of degree < k, and apply the Bramble-Hilbert Lemma. To
account for the different shape and size triangles the analysis is done by mapping the triangle T to
the the reference triangle T , via (3.21),(3.22), using the Bramble-Hilbert Lemma, and then mapping
back to T'. The Bramble-Hilbert Lemma uses the following result.

Theorem 1 [11] There exists a constant C(©) such that

Yo € WhHhP(Q) inf v+ pllwriee) < C(O)[v|wriire)- (3.28)
PEP;(O)
In the case we are considering (3.28) holds for norms ||| - [|[|,w»r(r) and associated semi-norms,

Il - Il,wr(r). However the constant C'(©) in (3.28), though not dependent on v, depends upon

the norm. Mapping each triangle T to T provides a different norm and consequently a different
constant CT(f). In order to obtain an interpolation error estimate for {2 independent of 75 we
need to establish that there exists a C(T) such that Cp(T) < C(T), VT € T,. We do this by
considering the triangles T' € T partitioned into three different cases.

By assumption of a regular triangulation, there exists constants cy, C; > 0 such that
cshy < |det(Jr)| = |Jr| < Cyh3.

For © C Q, let 7,42(0) := maz{r: (r, z) € ©}, and 7, (0) = min{r: (r, z) € O} .

For constants ¢y, ca, c3 > 0 the following inequalities hold.

Type 1: T NIy is empty. For these triangles we have that

rmin(T) > chr, Tmaz(T) < ¢ Tmin(T)- (329)

Type 2: T'NTy is a side. For these triangles we assume that the local counter-clockwise labeling
of T is such that the vertices S; and S3 (equivalently ag) lie on I'g. Then, for # = ro Fr, we
have

7 = 128 = Tmaz(T)E. (3.30)

Type 3: T NIy is a point. For these triangles we assume that the local counter-clockwise labeling
of T' is such that the vertex S7 lies on I'y. Then, for 7 = r o Fp, we have

7 = ro& + rap, and max{ry,r3} < cs min{re,rs}. (3.31)

11



Lemma 4 There exists a C(f) such that for all T € Ty,

Yo e (WD) inf [0+ plll ey < CO) 0] wror - (3.32)
pEPL(T

Proof:
For T of Type 1: From (3.28),V v € Wk+1’p(f) there exists C'1 such that

inf_[[v +p||Wk+1,p(f) < i |U‘Wk+1,p(f)-

pEPL(T)
Now,
||Hl7+p||||1wk+1,p(T) < 7“meﬁ(T)H'LA)‘*’p||1/vk+1,p(f) < Olrmax(Tﬂmwkﬂ,p(f)
T T, . .
< o D gy < @O ol (3:33)
Tmm(T)

For T of Type 2: For this case, all the triangles have the same (up to a multiplicative constant)

weighted norm on T. Hence for all T' of this type it follows from (3.28) that there exists a constant
(s such that (3.32) holds with C(T") = Cs.

For T of Type 3: Let T denote the triangle with vertices Sy (0,0), S2(1,0), S3(1,1),i.e. ro =713 =1
in (3.31), and Cs be given by V v € ;W*+12(T)

inf |0+ p|| 27 < Cs O]l pyrtrn(F -
pePL(T) WD) 1WEERD)

Assume T has vertices S1(0, z1), Sa(r2, 22), S3(r3, 23). Then
1o+ pllll,wrsrwery < max{ra, ra}{[[|o +pllll oo < max{ry, 73} Cslo], i)

max{rg, 73}

min{ry, 73}

IN

3 oMl wasrory < esCalllolll,waerner) - (3.34)

Finally, with C’(f) = max{caC1, Cy, c3C3}, the stated result follows.
|

For convenience we assume that 7, denotes a uniform, regular triangulation of €2, with characteristic
parameter h. The results also hold for a regular triangulation with the error estimates given element
by element involving the element parameter hp.

Corollary 1 Let u € 1H*(Q) and p(u) be given by (3.14). Then, there exists C > 0 such that
la = pr(w)ll, r20) < C WM |ul o) - (3.35)

~ " : k+1 ; 2 1/2 ~
If, in addition divegiu € 1H" T (Q) and (ZTeTh \dzvamph(u)\lHkH(T)) < (1, then there exists

C > 0 such that
|divagin — divazipn(0)|,12(0) < C B (3.36)

12



Proof: Estimate (3.35) follows from Lemmas 3 and 4, and the Bramble-Hilbert Lemma [6]. (See
also [11], Theorem 3.1.4.) To establish (3.36), using the triangle inequality and Lemma 1, for T' € Ty,

|divazin  — divaziﬂh(u)H?m(T) <

2||divazin — mrdivazipn(W)|2 L2y + 2/|divagipn(0) — Trdivagipn(W)|? 2 (p)

2||divegiu — WkdivaxiquLQ(T) + 2||divagipn(a) — Wkdivamph(u)]\ng(T)

Summing over the triangles 7" in 7T;, we obtain (3.36).
|

Corollary 2 Let u € {H¥Y(Q) and pp,(u) be given by (3.19). Then, there exists C > 0 such that

lu = pn()l,z2) < C B Ul e - (3.38)

1/2
If, in addition dive;u € 1H¥(Q) and (ZTeTh ]dz’vamﬁh(u)]?Hk+1(T)) < C1, then there exists
C > 0 such that
|divagin — divazipn(W)|,r2() < C B (3.39)

3.1 Grad-Div approximation of (2.13)(2.14)

In order to numerically approximate (2.13)(2.14) we introduce a grad-div stabilization into the
approximation equations. For vy > 0 and f € X* given, determine (un, pn) € (Xp X Qn) satisfying

a(up, v) + ’y/ divagi(up) divez; (V) rdx — bo(pn, v) = (£,v)x+x VveX,, (3.40)
Q
bo(q,up) = 0, VYgeQn. (3.41)

Note that from (2.14) u satisfies

/divam(uh)divam(v)rdx =0, VWweX. (3.42)
Q

Recently grad-div stabilization has received a good deal of attention for the approximation of fluid
flow model by the Navier-Stokes and Stokes equations [20, 21, 19, 16, 10]. For such flows it is well
known that the stabilization improves mass conservation and relaxes the effect of the pressure error
on the velocity error.

Suppose that the approximation spaces X} and @}, are inf-sup stable, i.e. satisfy (3.3). Let

Zy = {V € Xy : ba(q,V) =0,Vqe Qh} (3.43)
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Then, the existence and unique of the solution to (3.40)(3.41) is equivalent to the existence and
uniqueness of uy, satisfying

ay(up, v) = a(up, v) + fy/ divagi(up) divezi (V) rdx = (£,v)x-x Vv e Z,. (3.44)
Q

Observe that

c||[v|[%, where ¢=min{v, v}, (3.45)
Cllullx [|[v]lx, where C = v +~. (3.46)

(2) (Coercivity): ay(v,v) >
(#) (Continuity): ay(u,v) <

Theorem 2 For v > 0, there exists a unique solution (uy,, pp) to (3.40)(3.41).

Proof Properties (3.45)(3.46) guarantee the existence and uniqueness of uy, satisfying (3.44), and
(3.3) then guarantees the existence and uniqueness of py, satisfying (3.40 ).
|

Remark: Note that the coercivity of the operator a,(-, -) with respect to the X-norm is a result
of the added grad-div stabilization term.

For the error bound between (u,p) satisfying (2.13)(2.14) and (uy, pn) satsifying (3.40)(3.41) we
have the following.

Theorem 3 (Error Bound) Assume that (Xn, Qn) satisfy (3.3) and that (u, p), (un, py) are given
by (2.13)(2.14) and (3.40)(3.41), respectively. Then, there exists a constant C > 0 (depending on
) such that

lu - wilx + Ip - pallg < C ( inf lu— wallx + inf [p - qhuQ> . (34D)
wrEXp ahE€Qn

Proof: Subtracting (3.44) from (2.13), using 3.42, we obtain
ay(u —uy, v) — bylp—q,v) =0 YWeZ,,qeQy.

The error estimate (3.47) is then established in an analogous manner as the standard error analysis
for the finite element approximation to Stokes equations [8, 12].
|

3.1.1 Stability of RT* — discP, and BDM — discP;,_,

To establish the stability of approximations to (3.40)(3.41) using RT* — discP, and BDM* —
discPy_q elements, for k > 1, we use the macro element technique of Stenberg [23, 25|, see also
[13]. The condition that & > 1 implies that X} contains the space of continuous piecewise linear
elements.

Lemma 5 Stenberg’s macro element stability criteria given in [25] extends to the inf—sup condition

(3.3).
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Proof: The proof follows in an analogous manner to that of Theorem 2.1 in [25]. The existence of
an interpolant w € X} to w such that

1/2

Z h;QHW—\'fVHsz(T) + Z hel/]w—vﬂzrds < C3|lw|, g1,
TET, ecE(Th) e

(see (2.12) in [25]), follows from Theorem 1 and Corollary 1 in [3].
|

Remark: The condition that X} contains the space of continuous piecewise linear elements is used

in [3].

Theorem 4 For k > 1, with X — @y, given by RT,?” — discPy or BDM,?“ — discPy_1 the inf-sup
stability condition (3.3) is satisfied.

Proof: We take as the macro element, M, two triangles sharing a common side, i.e. M = Ty UT5,
with e = T7 NT5.

Let XO,M = {V e Xy : V-n‘aM = 0},
Qm = {plm : p€Qn},
and Nyy = {p€eQm : bo(p,v) =0, Vwe Xon}.

The stability follows if Nj; is one dimensional, consisting of functions which are constant on M.
Note that for v.€ Xom, p € Ny
0 = bo(p,v) = / v Veprdx + / v Veprdx + /v-n[p]rds, (3.48)
T Ts e
where [p] denotes the jump in p along e.

Proceeding as in [26], for i = 1,2, choose v; € X ar such that its support lies in T; and all other
degrees of freedom vanish except for those given by (3.7)(b), for X, = RT, or (3.9)(b), for
X, = BDM@*". From (3.48) it then follows that p is constant on T} and T, i.e. p|r, = c1, and
p|lm, = 2. Thus, again from (3.48) we have that

0 = (0102)/v-nrds Vv e Xon-
e

As from (3.7)(a), or (3.9)(a), [, v -nrds denotes a degree a freedom, then ¢; = ¢y, i.e. Ny is one
dimensional, consisting of functions which are constant on M.
|

To establish the stability of RT¢® — discPy we proceed in a similar manner as in [6], pg. 148.

Lemma 6 The mapping '
7o iV @ RIG™ — discPy

18 surjective.

15



Proof: Given f € discPy, let f denoting the lifting of f from Q to 2. Then, we have that there
exists i € H?(Q) N HY(Q) such that Ai = f. Set q := = V(zy,-) %, and let q denote the reduction

of q to Q. Then,
/ frdx = / diveziq T dx
T T

= / divegziprqrdx, (using Lemma 1)
T

= / o diVgzipTq T dX .
T

Since mg diveziprq and f are constant on T', then it follows that mg diveiprq = f.

Corollary 3 The approzimating pair (Xp, Qn) = (RT$®, discPy) satisfies the inf-sup condition

(3.3).

Proof: Note that the mapping discPy — RT¢*" constructed in the proof of Lemma 6 is bounded.
Therefore, from Fortin’s criteria, it follows that the inf-sup condition is satisfied.
|

For the approximation to (3.40)(3.41) with (Xp, Qp) given by (RT*, discPy), and (BDM*, discPy_1),
we have the following a priori error estimates.

Corollary 4 For (Xh, Qn) = (RT,?"”, discPy), u € (1H*1(Q))2, with divezu € 1HFY(Q) and

<ZT€7-h |divazipn(u 1Hk+1(T > < Cy, p € 1HFY(Q), satisfying (2.13)(2.14); (un, pr) € (Xn, Qn),
satisfying (3.40)(3.41); we have that there exists C > 0 such that

Hu - uhHX + Hp - thlLQ(Q) < C’hk+1_ (349)
Proof: From (3.47), using
inf - = inf — < Chk+1 ’
thth Hp (JhHQ thth HP QhulLQ(Q) - Hp||1Hk+1(Q)

together with Corollary 1 we obtain (3.49).
|

Corollary 5 For (Xp,, Qn) = (BDM®, discP,_1), u € (1H*())?, with diveziu € 1H*(Q) and
o 1/2 L

(ZTGE |d7lvaziph(u)|?Hk+l(T)> < Ci,pe 1Hk(Q)7 satisfying (213)(214)7 (uh7 ph) € (Xfw Qh)?

satisfying (3.40)(3.41); we have for k > 1 that there exists C > 0 such that

lu = willx + [p = pull, 2 < CH*. (3.50)
]
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3.2 Direct Approximation of (2.13)(2.14)

The analysis presented above for the grad-div approximation of (2.13)(2.14) breaks down for v =0
as, from (3.45), a, (-, -) is no longer coercive with respect to ||-||x. To overcome this loss of coercivity
with respect to || - || x, following the approach of [2, 24], we introduce mesh dependent norms. Let

= {v:ve L}T), v-ne L*e), VT €Ty, Ve € E(Ty), v-n=0 on 90N},

and
Q= {g€1L{(T) : Vaq € 1L3(T), [q] € 1L3(e), VT € Tp, Ve € E(Th)},

where [q]]c(x) = ¢ (x) — ¢ (x), with

=

¢ (x) = lim g(x+en), x€e,
e—0E

and n a specified normal associated with e.

With these spaces we associate the norms

1/2
Ivlon = Z/|V|2rdx + ) he /|v n|?rds ,
TET e€E(Th)
1/2
lallhn = Z/|Vaq|2rdx + Z he / 2rds
TET;, ec&(Th) €

By a scaling argument [2] it is straightforward to show that there exists ¢ > 0 such that
clvllon < IVlz2@ < Ivllon, ¥ € &,

and that their exists C > 0 such that

1/2
2 | X [ Waatrax o+ [ rix) e
TET,
With respect to the || - |5 and | - ||1,, norms,

a(u,v) < v|ull, 2 lvllz2@ <

a(u,u) > ﬂwwm>zéwm%m

b(q, v) /qua~rvdx = Z/v Veqrdx + Z /v n[q)rds

TeTh e€&(Th)

In view of (3.57)-(3.59), we have that provided X}, C X, Qp C Qp, satisfy

b
inf sup L
9€Qnvex, [IVlon lallin

IN

> B,

there exists a unique (uy, , pp) € Xp X Qp, satisfying (3.1)(3.2), for all (v, ¢) € X;, X Qp, and

lu — wll,z2¢0) + llp = pullin < C (vien)gh la = vl 2 + qie%gfh lp — Q||1,h> :
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3.2.1 Stability of RT,?” — discP;, and BDM,?“ — discPr_4

Again, in order to show that the approximation pairs RT,?” —discP, and BDM ,‘j“ — discPy_1 are
stable with respect to (3.60), we begin by verifying that the macro element technique of Stenberg
also applies to (3.60). In view of

cdl-lon < Iz <I-llx < I Lhave)
the issue to be investigated is the influence of the norm || - [|1 5.

Following the notation in [13], assume that for each 7j, € (73,), the triangles can be grouped together
to form macro elements Mj, j = 1,...,m, which form a macro partition, My, of Q. Let 1I;, denote
the projection, with respect to the innerproduct (g, p) := [, qprdx, from Qj onto the space

Q5 = {q€Q : q|y is constant VM € M} . (3.62)

Lemma 7 For @, = discPy, q € Qy, we have that
1/2

laleey < € | S 2t / qPrds| . (3.63)

ecE(Th) €

Proof: First, note the following generalized Poincaré-Friedrichs inequality established by Brenner
in [7]. For ¥ C IR3, a connected open polyhedral domain, P a partition of ¥ into polyhedra, S(P, ¥)
the set of all the (open) faces common to two subdomains in P, H' (¥, P) = {¢ € L*(V) : (p =
(|p € HY(D), YD € P}, then

2
Ky < € [ VP ddydz + 3 (diame) ™ [Hololliag) + ( / Cd:z:dydz>
Dep’D ceS(P,Y) v
(3.64)
where Il , denotes the L? orthogonal projection from L?(c) onto Py(c), the space of constant
functions on o.

By rotation around the symmetry axis, we lift @ € IR? to Q C IR®. The triangulation 7;, of Q
induces a partition Pg of Q, with each triangle T' € T, generating a volume of revolution with cross
section T. Next, with respect to the parameter 7, we form a refinement of Pgr by dividing the
volumes of revolution up with respect to a partition of [0, 27), denoted by Pr . The partition Pg -
is not a polyhedral partition of Q) as its elements, with respect to the symmetry axis, have curved
front and back faces. Let Pg ; denote the polyhedral partition obtained from Pg » by replacing the
curved front and back faces with planar surfaces.

For D € Pgr -, let D denote the corresponding element in 75};, and mp = (a, b, c) denote the center
of gravity of D. We assume that 7 is sufficiently small such that mp lies in D.

For ¢ € Q, define two extension to Q by ¢(z,y,2) = q((z2 + y*)/2,2) and dlp = d(mp). Note
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that ¢ € HI(Q,PRJ), and

i oy = 1l (3.65)
lim > (diamo) M [dl7ey = > (diama) M |[@l72 0
oc€S(Pr.r<Y) oc€S(Pr.+ )
= > (diamo) " @Il (3.66)
0€S(Pr,Q)
lim [ gdedydz = /cjd:vdydz = 0. (3.67)
70 /8 O

Applying (3.64) to ¢, taking the limit as 7 goes to zero, and using (3.65)-(3.67) we obtain
1/2

lal.gy <C | > (diamo)  dl7zg) |
c€S(Pr,Q)

from which (3.63) follows.

Lemma 8 Stenberg’s macro element stability criteria given in [23] extends to the inf—sup condition

(3.60).

Proof: The extension of Stenberg’s macro element criteria [23] to the axisymmetric setting for the
Stokes equations is given in [13]. Of the two key lemmas used in the proof, the first lemma (Lemma
1 in [13]) holds for arbitrary norms on X}, and Qp. The proof of the second lemma requires that,
for qg € Qy, given, the construction of a v? € X satisfying

1 1
Vo-v0 + ;v? = Mg, and |V0x < B\\thQHQ. (3.68)

As, from (3.63), |hgdllo < CIHug)|1h, and |[VOor < C||vP| x the stated result follows.

Theorem 5 For k > 1, with Xy — @y, given by RT,?“ — discPy or BDM,?“ — discPy_1 the inf-sup
stability condition (3.60) is satisfied.

Proof: Fork > 1 X} = RT,?“ or BDM ,‘Cm contains the space of continuous piecewise (with respect
to Tp) polynomials of degree k in each coordinate. Hence, from Lemma 8, the macro element criteria
can be applied. For k > 2 the same argument used in the proof of Theorem 4 can be applied to
establish the stability of X, — Q. In case k = 1 a macro element consisting of two adjacent triangles
is not sufficient in order to apply Lemma 8. In this case we must have that the macro elements
satisfy: If v is the common part of two macro elements then v is connected and contains at least
two edges of triangles in Tp,. (See [14] for an illustration.) Nonetheless, on such macro elements an
analogous argument as used in the proof of Theorem 4 can be applied to establish the stability of
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Xn — Q.
n

In order to obtain an optimal error for the ||[u — wuyl|,z2(q), and [[p — ppll,2(q), We require the
following additional assumption and lemma.

Additional assumption: Let z € (1H2(Q))2 s € 1H*(Q), vi, € RT® or vi, € BDMS§® qp, € discPy,
and g := (z—vp), h := (s —qp). Then the solution (u, §) € X x Q of

G(W, /J') - ba(é-v W) = <g7W>X*,X Vwe X, (369)
balt, p) = / htrdx, VteQ, (3.70)
Q

satisfies divagi(p) € 1HY(T), €€ 1H*(T), VT € T;, and
1/2

Y ldivaai (W) i oy + 1€y + 1EE 2y < Cliglle2) + b2 - (3.71)
TET

Lemma 9 For T € Ty, f € 1HY(T), there exists C > 0 such that

Z he /fzrds < C( 2HfH1L2(T + |f|fH1(T)>- (3.72)

ecoT

Proof: The proof follows as in the proof of the Trace Theorem, [6].

For the approximations (uy, , pn) we have the following a priori error estimates.

Corollary 6 For u € (1H*(Q))2, p € 1H*(Q), satisfying (2.13)(2.14), wy, € RTA = X,
pp, € discPy, = Qp, satisfying (3.1)(3.2), we have for k > 1 that there exists C > 0 such that
h < ChF. (3.73)

u — uy|

With the additional reqularity assumption (3.71),

lu — wpll,z2) + Ip = pall,r2) < CR*FL (3.74)
Proof: Note that as k > 1, p € C(f2), From [3], and (3.56)
1/2
qiefbfh lp = qllipn < querbfh T;/\V p— q)*rdx + hr /(p — ¢)’rdx
< CWIpll, g1y - (3.75)

Estimate (3.73) then follows from (3.75) and (3.35).
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To establish (3 74), consider (u, £) satisfying (3.69)(3.70) forg = u — up, h = p — py. With
the choices w = u — up, t = p — pp, combining (3.69)(3.70) with (2.13)(2.14) and (3.1)(3.2), we
obtain for (v, q) € X x Qp

u — uh”fL?(Q) + lp - ph”?L%Q)
=alu—w, p—v) — b(&u—w) + ba(p—pr V) — ba(p— P, ) + balg;u — up)
= a(u — Up, [L—V) - ba(g - ¢ u - uh) - ba(p_ph7 n = V) : (376)

For each of the terms of the RHS of (3.76):

a(u —up, p—v) < lu— w20 e — vl 220) (3.77)
ba(p—pr. b — V) = |Ip—pall,12(0) |divasi (1 — V)|, L2 (o) (3.78)
b6 — qyu—w) = > / u—u,) n(—qrds + /Va(f—Q)'(U—uh)TdX
TeTh T
1/2
2 2
< Cllu—upllon Z hg / E—q)°rds + /!Va(f—qﬂ rdx
TeT, T
1/2
< Clu—willon | D h72l€—alipeery + €= alimey| - (379

TeT,

Combining (3.76)-(3.79), using (3.73) and the fact that (v, q) € X}, x Qp, is arbitrary,

[u — uthm(Q) + lp - thsz(Q)

< C(llu = unllz2) + llp = pallr2(9) -

(HN—VH1L2(Q) + ( Z | divazi(p — )H1L2(T + h‘T Hﬁ—qlllLQT + ’f—q,le(T))l/Q)
TETh
< CRF (D hildivasi(p)2y mry + Wl ey + Wl ey )2
TETh
< CW" (llu = wll,z20) + llp = pallir2@) S (3.80)

where in the last two steps we have used the additional regularity assumption.

Similarly, we have the following error estimates when using (X, Q) = (BDM{*", discPj,_).

Corollary 7 For u € (1H*(Q))?, p € 1H*(), satisfying (2.13)(2.14), u,, € BDM®™" = X,
pn € discPy,_1 = Qp, satisfying (3.1)(3.2), we have for k > 2 that there exists C > 0 such that

lw — wll, 20y + llp — pallin < ChrF L. (3.81)
With the additional regularity assumption (3.71),

lu — will,z2) + Ip = pall, 2 < CR". (3.82)
n
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4 Numerical Results

In this section we present results of numerical experiments for the approximation of (2.13)(2.14)
using RT,?” — discP,, kK = 0,1,2, and BDM,?‘” —discP,_1, kK = 1,2, approximating elements.
Two examples are considered. For the first example the true solution for the velocity is a quadratic
(vector) function, and the true pressure is a (scalar) quadratic function. The second example is a
modification of the Taylor-Green vortex flow problem, a prototypal problem in Navier-Stokes flow
approximation.

For the grad-div stabilized approximation, discussed in Section 3.1, v = 1 is used in Example 1, and
for Example 2 results using v = 1, and v = 10 are presented. Results from the direct approximation,
discussed in Section 3.2, corresponding to v = 0, are given in Tables 4.2 and 4.5. In the tables n/a is
used to indicate that the theoretical results established in Sections 3.1.1 and 3.2.1 are not applicable.

For both examples we take Q = (0,1/2) x (=1/2,1/2), Ty = {0} x [-1/2,1/2],T = 9Q\I.

Example 1
For the true solution we use
rz
u(r, z) = [ 0.95 _ 22 ] , and p(r,z) = rz + 2r + 3z — 2/3. (4.1)

Note that for the RT$*" — discP, approximating elements, u € Xj and p € Qp,.

The numerical results are presented in Tables 4.1 and 4.2. An illustration of the computational
mesh corresponding to h = 1/6 is given in Figure 4.1.

0 005 01 015 02 025 03 03 04 045 05

Figure 4.1: Computational mesh corresponding to h = 1/6.

Example 2
We consider a modified Taylor-Green vortex flow problem

—r cos(wmr) sin(wmz
arz) = | o) sinfems)

— = cos(wnr) cos(wmz) + rsin(wnr) cos(wnz) |’

p(r,z) = sin(wrz)(— cos(wnr) + 2wnrsin(wnr)) .

The computations are performed for w = 1. A plot of the velocity field u, and the pressure p, is
given in Figures 4.2 and 4.3, respectively.

The numerical results are presented in Tables 4.3, 4.4, and 4.5.
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5 Conclusion

In this paper we establish the stability and a priori error estimates for the RT,?“

h H [u— sl r2(0) ‘ Cvg. rate H ||11—11h||X ‘ Cvg. rate H lp — prllo ‘ Cvg. rate
vy=1 X, =RI§™ Qp=disch
1/4 1.629E-2 1.01 2.020E-2 0.94 5.151E-2 1.00
1/6 1.083E-2 1.00 1.382E-2 0.93 3.432E-2 1.00
1/8 8.117E-3 1.00 1.058E-2 0.93 2.573E-2 1.00
1/10 6.496E-3 1.00 8.606E-3 0.92 2.059E-2 1.00
1/12 5.415E-3 7.271E-3 1.715E-2
Pred. 1.0 1.0 1.0
y=1 X,=RT¥™ Qp=discP
1/4 7.279E-4 1.97 1.112E-3 1.92 1.843E-4 2.00
1/6 3.272E-4 1.98 5.111E-4 1.93 8.194E-5 2.00
1/8 1.852E-4 1.99 2.937E-4 1.93 4.609E-5 2.00
1/10 1.188E-4 2.00 1.909E-4 1.93 2.950E-5 2.00
1/12 8.246E-5 1.343E-4 2.048E-5
Pred. 2.0 2.0 2.0
y=1 X,=RT§ Qp=discP,
1/4 1.531E-13 1.585E-13 1.521E-14
1/6 4.892E-13 5.128E-13 2.181E-14
1/8 2.614E-12 2.701E-12 3.296E-14
1/10 5.398E-12 5.592E-12 1.306E-13
1/12 1.438E-11 1.451E-11 1.580E-13
Pred.
y=1 X, =BDM& Q) =discPy
1/4 2.279E-2 0.90 4.107E-2 0.90 5.137E-2 1.00
1/6 1.582E-2 0.93 2.846E-2 0.94 3.424E-2 1.00
1/8 1.212E-2 0.94 2.174E-2 0.95 2.567E-2 1.00
1/10 9.824E-3 0.95 1.757E-2 0.96 2.054E-2 1.00
1/12 8.259E-3 1.474E-2 1.711E-2
Pred. 1.0 1.0 1.0
y=1 X, =BDM" Qy=discP
1/4 8.300E-5 1.99 1.420E-4 1.99 1.835E-4 2.00
1/6 3.704E-5 2.00 6.342E-5 1.99 8.170E-5 2.00
1/8 2.086E-5 2.00 3.57T4E-5 2.00 4.599E-5 2.00
1/10 1.336E-5 2.00 2.289E-5 2.00 2.944E-5 2.00
1/12 9.282E-6 1.591E-5 2.045E-5
Pred. 2.0 2.0 2.0
Table 4.1: Example 1, v = 1.

— discP, and

BDM ,‘j“ —discPy_1 approximating pairs for axisymmetric Darcy flow. The numerical computations
confirm the predicted rates of convergence for the approximation errors.
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h H lu— sl r2(0) ‘ Cvg. rate H ||p—ph‘HQ ‘ Cvg. rate H lp — pnllin ‘ Cvg. rate
vy=0 X, =RI§" Qy = discPy
1/4 1.260E-2 1.05 5.140E-2 1.00 1.874E40 -0.01
1/6 8.225E-3 1.03 3.424E-2 1.00 1.880E+0 -0.01
1/8 6.121E-3 1.02 2.568E-2 1.00 1.884E4-0 0.00
1/10 4.879E-3 1.01 2.054E-2 1.00 1.886E+0 0.00
1/12 4.058E-3 1.712E-2 1.887E+40
Pred. n/a n/a n/a
v = X, = RT®™ Q= discPy
1/4 6.670E-4 2.00 1.839E-4 2.00 1.765E-2 0.99
1/6 2.969E-4 2.00 8.178E-5 2.00 1.182E-2 0.99
1/8 1.671E-4 2.00 4.601E-5 2.00 8.880E-3 0.99
1/10 1.070E-4 2.00 2.945E-5 2.00 7.113E-3 1.00
1/12 7.433E-5 2.046E-5 5.932E-3
Pred. 2.0 2.0 1.0
v=0 X,=RT§ Qp=discP,
1/4 4.254E-14 1.276E-14 1.227E-12
1/6 1.371E-13 1.279E-14 1.836E-12
1/8 5.344E-13 1.384E-14 2.561E-12
1/10 4.017E-13 1.326E-14 3.197E-12
1/12 2.893E-12 2.340E-14 4.203E-12
Pred.
=0 X,=BDM®™  Q=disch
1/4 1.295E-1 0.74 5.156E-2 1.00 1.862E40 -0.02
1/6 9.593E-2 0.79 3.432E-2 1.00 1.874E40 -0.01
1/8 7.636E-2 0.82 2.571E-2 1.00 1.879E+40 -0.01
1/10 6.360E-2 0.84 2.056E-2 1.00 1.883E4-0 -0.01
1/12 5.461E-2 1.713E-2 1.885E40
Pred. n/a n/a n/a
vy=0 Xp= BDM;M Qy, = discPy
1/4 4.771E-4 1.90 1.836E-4 2.00 1.765E-2 0.99
1/6 2.208E-4 1.91 8.173E-5 2.00 1.182E-2 0.99
1/8 1.276E-4 1.91 4.600E-5 2.00 8.880E-3 0.99
1/10 8.329E-5 1.91 2.945E-5 2.00 7.113E-3 1.00
1/12 5.874E-5 2.045E-5 5.932E-3
Pred. 2.0 2.0 1.0
Table 4.2: Example 1, v = 0.
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h H [u— sl r2(0) ‘ Cvg. rate H ||11—11h||X ‘ Cvg. rate H lp — prllo ‘ Cvg. rate
vy=1 X, =RI§™ Q=dischH
1/4 3.553E-2 1.02 3.993E-2 0.89 8.086E-2 1.00
1/6 2.348E-2 1.03 2.788E-2 0.89 5.383E-2 1.00
1/8 1.748E-2 1.02 2.158E-2 0.89 4.035E-2 1.00
1/10 1.391E-2 1.02 1.768E-2 0.89 3.227E-2 1.00
1/12 1.155E-2 1.502E-2 2.689E-2
Pred. 1.0 1.0 1.0
y=1 X,=RI®™ Q= discP,
1/4 2.222E-3 2.04 2.862E-3 1.97 6.423E-3 2.01
1/6 9.705E-4 2.04 1.288E-3 1.96 2.848E-3 2.00
1/8 5.403E-4 2.03 7.324E-4 1.96 1.601E-3 2.00
1/10 3.432E-4 2.03 4.729E-4 1.96 1.024E-3 2.00
1/12 2.369E-4 3.309E-4 7.112E-4
Pred. 2.0 2.0 2.0
v = X, = RT§™ Q= discPy
1/4 1.162E-4 3.04 1.591E-4 2.93 3.779E-4 3.01
1/6 3.383E-5 3.02 4.855E-5 2.93 1.115E-4 3.01
1/8 1.418E-5 3.02 2.091E-5 2.93 4.697E-5 3.00
1/10 7.224E-6 3.03 1.087E-5 2.93 2.403E-5 3.00
1/12 4.161E-6 6.367E-6 1.390E-5
Pred. 3.0 3.0 3.0
=1 Xj=BDM® Qp=discP
1/4 3.567E-2 0.90 5.300E-2 0.83 8.033E-2 1.00
1/6 2.476E-2 0.93 3.785E-2 0.88 5.350E-2 1.00
1/8 1.897E-2 0.94 2.937E-2 0.91 4.011E-2 1.00
1/10 1.537E-2 0.95 2.397E-2 0.93 3.208E-2 1.00
1/12 1.292E-2 2.024E-2 2.673E-2
Pred. 1.0 1.0 1.0
=1 X, =BDMS* Qp=discP,
1/4 2.793E-3 1.87 4.245E-3 1.85 6.423E-3 2.01
1/6 1.309E-3 1.91 2.008E-3 1.90 2.848E-3 2.00
1/8 7.560E-4 1.93 1.164E-3 1.92 1.601E-3 2.00
1/10 4.917E-4 1.94 7.581E-4 1.94 1.024E-3 2.00
1/12 3.452E-4 5.327E-4 7.112E-4
Pred. 2.0 2.0 2.0

Table 4.3: Example 2, v = 1.
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h H [u— sl r2(0) ‘ Cvg. rate H ||U—U@||X ‘ Cvg. rate H lp — prllo ‘ Cvg. rate
v=10 X, =RI§™ Qp=discP
1/4 4.705E-2 0.86 4.773E-2 0.83 8.139E-2 1.00
1/6 3.318E-2 0.89 3.409E-2 0.85 5.419E-2 1.00
1/8 2.569E-2 0.91 2.668E-2 0.87 4.062E-2 1.00
1/10 2.098E-2 0.92 2.199E-2 0.88 3.249E-2 1.00
1/12 1.773E-2 1.874E-2 2.707E-2
Pred. 1.0 1.0 1.0
v=10 X, = RT®&® Q= discPy
1/4 3.310E-3 2.03 3.546E-3 1.98 6.432E-3 2.01
1/6 1.451E-3 2.04 1.586E-3 1.99 2.851E-3 2.00
1/8 8.062E-4 2.03 8.944E-4 1.98 1.602E-3 2.00
1/10 5.120E-4 2.03 5.747E-4 1.98 1.025E-3 2.00
1/12 3.539E-4 4.009E-4 7.114E-4
Pred. 2.0 2.0 2.0
v=10 X, = RT$" Q= discP;
1/4 1.912E-4 3.01 2.064E-4 2.95 3.782E-4 3.01
1/6 5.650E-5 3.03 6.230E-5 2.97 1.116E-4 3.01
1/8 2.362E-5 3.02 2.649E-5 2.97 4.699E-5 3.00
1/10 1.203E-5 3.01 1.367E-5 2.96 2.404E-5 3.00
1/12 6.943E-6 7.970E-6 1.391E-5
Pred. 3.0 3.0 3.0
v=10 X, =BDM{® Q= discP
1/4 1.839E-2 0.99 1.924E-2 0.97 8.032E-2 1.00
1/6 1.232E-2 0.99 1.297E-2 0.98 5.350E-2 1.00
1/8 9.260E-3 1.00 9.780E-3 0.99 4.011E-2 1.00
1/10 7.416E-3 1.00 7.848E-3 0.99 3.208E-2 1.00
1/12 6.183E-3 6.554E-3 2.673E-2
Pred. 1.0 1.0 1.0
v=10 X, =BDMS Q= discP,
1/4 1.385E-3 1.98 1.460E-3 1.96 6.423E-3 2.01
1/6 6.207E-4 1.99 6.587E-4 1.97 2.848E-3 2.00
1/8 3.505E-4 1.99 3.733E-4 1.98 1.601E-3 2.00
1/10 2.248E-4 1.99 2.400E-4 1.98 1.024E-3 2.00
1/12 1.563E-4 1.672E-4 7.112E-4
Pred. 2.0 2.0 2.0

Table 4.4: Example 2, v = 10.
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h H lu— sl r2(0) ‘ Cvg. rate H ||p—ph‘HQ ‘ Cvg. rate H lp — pnllin ‘ Cvg. rate
vy=0 X, =RI§" Qp=discP
1/4 2.387E-2 1.18 8.039E-2 1.00 3.529E+40 -0.01
1/6 1.478E-2 1.09 5.352E-2 1.00 3.547TE+0 -0.01
1/8 1.081E-2 1.05 4.012E-2 1.00 3.553E40 0.00
1/10 8.555E-3 1.03 3.209E-2 1.00 3.557TE+0 0.00
1/12 7.088E-3 2.673E-2 3.559E40
Pred. n/a n/a n/a
v = X, = RT®™ Q= discPy
1/4 6.495E-3 1.96 6.425E-3 2.01 4.981E-1 1.00
1/6 2.933E-3 1.98 2.849E-3 2.00 3.327E-1 1.00
1/8 1.658E-3 1.99 1.601E-3 2.00 2.497E-1 1.00
1/10 1.064E-3 1.99 1.024E-3 2.00 1.999E-1 1.00
1/12 7.398E-4 7.112E-4 1.666E-1
Pred. 2.0 2.0 1.0
v = X, = RT§™ Q= discPy
1/4 3.505E-4 3.03 3.780E-4 3.01 4.603E-2 1.99
1/6 1.025E-4 3.02 1.115E-4 3.01 2.054E-2 1.99
1/8 4.302E-5 3.01 4.697E-5 3.00 1.157E-2 2.00
1/10 2.198E-5 3.01 2.403E-5 3.00 7.410E-3 2.00
1/12 1.270E-5 1.390E-5 5.148E-3
Pred. 3.0 3.0 2.0
y=0 X, =BDM® Q=disch
1/4 1.095E-1 0.77 8.037E-2 1.00 3.523E+4+0 -0.01
1/6 8.006E-2 0.81 5.351E-2 1.00 3.543E+0 -0.01
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1/10 5.266E-2 0.85 3.208E-2 1.00 3.555E40 0.00
1/12 4.509E-2 2.673E-2 3.558E+40
Pred. n/a n/a n/a
v=0 X,=BDM" Qy=discP
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Table 4.5: Example 2, v = 0.
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